Background: 18 F-FDG PET/CT can monitor metabolic activity in early breast cancer during neoadjuvant systemic therapy (NST), but it is unknown if the metabolic breast and axillary response differ. We evaluated the correlation between metabolic breast and axillary response at various time points during NST. Furthermore, we analysed if the combined metabolic response improves pathologic complete response (pCR) prediction compared to using the metabolic breast response alone.
Background
Neoadjuvant systemic treatment (NST) is increasingly used in early breast cancer to allow down-staging of the primary tumour to facilitate breast-conserving surgery [1] . Initially tumour-positive lymph nodes may convert into tumour-negative lymph nodes during NST which permits less aggressive treatment of the axilla as well [2] . In vivo response monitoring and adapting ineffective therapy regimens may become important additional assets of a neoadjuvant approach [3, 4] .
Magnetic resonance imaging (MRI) is increasingly used as standard of care for response evaluation in the breast during NST in the Netherlands. Functional imaging with radiolabelled fluor-18-deoxyglucose ( 18 F-FDG) positron emission tomography combined with computed tomography (PET/CT) can visualise the glucose metabolism in the primary tumour and affected lymph nodes. Furthermore, detection of changes in tumour glucose metabolism in response to treatment enables early response monitoring [5] . Optimal long-term outcome is seen after pathologic complete response in breast and axilla (pCR total) [6] but the sensitivity to NST may differ between both sites [7, 8] . Nevertheless, most previous neoadjuvant PET/CT studies focussed on the metabolic response of the breast alone [9] [10] [11] [12] [13] [14] [15] . Substantially fewer studies evaluated the early metabolic response of the axilla [8, [16] [17] [18] , the combined response in breast and axilla [7, 9, 19, 20] or the agreement between both [21] .
Therefore, the aim of our study, performed in HER2positive and triple-negative (TN) breast cancer patients, was twofold. First, we assessed the correlation between the metabolic response in breast and axilla. Second, we evaluated the additional value of incorporating the metabolic axillary response over the breast response alone in predicting pCR total.
Methods
We performed a prospective single-centre study with sequential PET/CT scanning before and during NST in women with primary stage II-III HER2-positive or TN breast cancer. Patients were included from September 2008 until June 2014. The institutional review board approved the study protocol and all included patients provided written informed consent. Only patients with a visible primary tumour and affected lymph nodes at baseline PET/CT were included in this analysis. Forty-five of these patients were included in a previous report [19] .
Pathological evaluation
At baseline, core biopsies were obtained from the primary tumour for pathologic diagnosis and oestrogen receptor, progesterone receptor, and HER2-status, according to Dutch national guidelines (http://www.oncoline.nl/). A marker was placed at the primary tumour site to guide surgery and pathologic evaluation. Breast conserving surgery or a mastectomy was performed based on tumour characteristics, and patient's preference. Baseline nodal status was assessed by physical, ultrasound, and PET/CT examination with cytological evaluation by fine needle aspiration of suspicious lymph nodes. Biopsies of the primary tumour and fine needle aspiration of the lymph nodes were aimed to be obtained prior to baseline PET/ CT. Patients with clinical node-negative disease underwent a sentinel node procedure (SNP) either before or after NST. In case of node-positive disease at baseline a level I-II axillary lymph node dissection was performed or the initially positive marked lymph node(s) was removed guided by marking the dominant axillary node(s) with radioactive iodine seeds (MARI-procedure) [2] . PCR was assessed by experienced breast pathologists, and was defined as no residual invasive tumour cells irrespective of in-situ lesions [6] . PCR breast, pCR axilla, and their combination (pCR total) were determined.
Treatment
Patients with TN tumours received three cycles dosedense doxorubicin/cyclophosphamide (AC) followed by MRI-evaluation. Patients with an unfavourable MRI response, defined as <25% reduction of the largest diameter of late enhancement, switched to three cycles capecitabine/docetaxel [CD] or three cycles carboplatin/ paclitaxel [CP] [22] . Patients with a favourable response were randomized between three additional cycles of AC or CD/CP. Patients with homologous recombination deficient (HRD) tumours were randomized between three cycles CD/CP or an additional AC-cycle followed by intensified alkylating chemotherapy consisting of cyclophosphamide/thiotepa/carboplatin (CTC). Patients with HER2-positive tumours received 24 cycles weekly paclitaxel/trastuzumab/carboplatin (PTC) with trastuzumab only in weeks 7, 8, 15, 16, 23, and 24 [23] . In case of an unfavourable MRI response after 8 weeks of NST patients switched to four cycles 5-fluorouracil/epirubicin/cyclophosphamide/trastuzumab (FEC-T).
PET/CT procedures
A PET/CT was performed at baseline (PET1), after 2 to 3 weeks of treatment (PET2), and after 6 to 8 weeks (PET3). Patients were instructed to fast for 6 hours prior to the scan and blood glucose levels were required to be <10mmol/L. Based on the patient's body mass index 180-240MBq 18 F-FDG was administered intravenously and 10mg diazepam was given orally to reduce 18 F-FDG-uptake by brown fat. Following a resting period of 60 ± 10 min, in accordance with EANM procedure guidelines, a PET-scan (3.00 min per bed position and image reconstruction to 2x2x2mm voxels) of the thorax was performed according to the hanging breast protocol, using a whole-body scanner (Gemini TF; Philips, Cleveland, OH) [24] . A low-dose CT-scan (2mm slices) without intravenous contrast preceded the PET acquisition for anatomical localisation. In order to be able to make a valid comparison between scans within an individual and between individuals the same imaging system and protocol including the target time interval between 18 F-FDG injection and PET acquisition were used throughout the study. At baseline a standard supine whole-body PET/CT was performed as well as part of disease staging.
Image reading
The acquired PET/CT images were evaluated by a panel of experienced reviewers (BK, MvR, ST), supervised by two nuclear medicine specialists (RVO, WV). All baseline scans were qualitatively assessed for sufficient 18 F-FDG-uptake of the primary tumour and lymph node metastases, defined as the ability to visually distinguish known tumour locations from adjacent non-malignant tissue (i.e. pathological versus physiological uptake, respectively) with an estimated ratio of >2.0, to allow subsequent quantitative response evaluation. Quantitative 18 F-FDG-uptake of the primary tumour and the most active level I-II axillary lymph node was measured as the maximum standardised uptake value (SUVmax) within a 3D region of interest (ROI). Level III lymph nodes were not included, as these are not routinely resected during axillary clearance. If the automated ROI generation was unreliable due to a low tumour-to-background ratio, the ROI was manually drawn. In case of a complete metabolic response on the subsequent scans the baseline ROI localisation was used for calculation of the SUVmax.
Statistical analyses
All analyses were performed separately for TN and HER2-positive tumours. Descriptive statistics were used to outline patient, tumour, and treatment characteristics. For response analyses the most active axillary lymph node was included. The absolute SUVmax values at the different time points and the relative percentage changes in SUVmax (hereafter referred to as SUVmax and ΔSUVmax respectively) were determined in breast and axilla, and their association was calculated using Spearman's correlation coefficient (r). The association of the various PET/CT parameters at different time points with pCR was tested using logistic regression analyses and presented as the c-index (equivalent of the area under the curve [AUC] in ROC analyses). Correlation and c-index results were interpreted according to previously described classifications [25, 26] . The change in c-index when adding axillary response to a model including breast response alone was tested for significance based on the algorithm proposed by DeLong et al [27] .
Data were analysed using SPSS version 22.0 (SPSS Inc. Chicago, USA) and STATA (version 13; StataCorp, College Station, TX, USA). P-value of <0.05 was considered statistically significant. No adjustment for multiple testing was made.
Results

Baseline and treatment characteristics
In total 169 patients were included. Sixteen were ineligible because of stage I disease (n = 5), stage IV disease (n = 3), missing baseline PET/CT (n = 4), or no trastuzumab use in case of HER2-positive disease (n = 4). Of the remaining 153 patients, 105 had a primary tumour and positive axillary lymph nodes, both pathologically proven and visible on PET/CT. Forty-five patients had TN and 60 HER2-positive disease (Additional file 1: Figure S1 ). Positive nodal status was pathologically proven in all but one patient by fine needle aspiration (Table 1 ). In this one patient lymph node metastases were detected by a pre-treatment SNP, however one positive axillary lymph node remained in-situ and showed 18 F-FDG-uptake on PET/CT. Nineteen patients changed treatment after 6 to 8 weeks of therapy (i.e. after PET3). In the TN subgroup, six patients changed because of insufficient MRI response and none of them achieved a pCR breast or pCR axilla. Eleven patients switched therapy according to study protocol (ten with an HRD tumour, and one without), and one patient switched because of patient's preference. Of these 12 patients eight achieved pCR breast and six pCR axilla and pCR total. In the HER2positive subgroup one patient changed treatment based on an insufficient MRI response. Neither pCR breast nor pCR axilla was achieved.
Surgery and pathologic response
With the exception of one patient with progressive disease during chemotherapy who refused further treatment, all patients underwent surgery. This patient was classified as having no pCR. Thus, 104 patients underwent breast surgery: 66 breast conserving surgery and 38 a mastectomy. Pathologic axillary lymph node response was assessed by axillary lymph node dissection in 89, MARIprocedure in 13, and post-treatment SNP in two patients.
In TN tumours pCR breast was achieved in 53% (24/45), pCR axilla in 47% (21/45), and pCR total in 40% (18/45). In the HER2-positive subgroup the rate of pCR breast was 65% (39/60), pCR axilla 75% (45/60), and pCR total 57% (34/60). In total 25 patients had a discrepant pathologic response of the breast and axilla: 11 pCR breast/no pCR axilla, and 14 pCR axilla/no pCR breast.
Triple-negative disease
Baseline PET/CT was performed in all 45 patients with TN disease, PET2 in 35, and PET3 in 38. Thirty-two patients underwent three PET/CT-scans. The median time between last chemotherapy and PET2 was 13 days (interquartile range [IQR] [13] [14] , and between last chemotherapy and PET3 7 days (IQR 7-8). The median SUVmax and ΔSUVmax at the different time points are summarized in Table 2 , including correlation coefficients between metabolic response in breast and axilla. The best correlation between metabolic response in breast and axilla was found with ΔSUVmax between PET1-PET3, and although all patients showed a decrease in ΔSUVmax in both locations at PET3 the correlation was moderate (r = 0.57) (Additional file 2: Figure S2a ).
PCR breast prediction was most accurate using ΔSUVmax breast between PET1-PET3 (c-index 0.85) (Additional file 3: Table S1 ). Likewise, ΔSUVmax axilla between PET1--PET3 was best for pCR axilla prediction (c-index 0.82). The metabolic breast response, using ΔSUVmax between PET1-PET3, was well predictive for pCR total and the addition of metabolic response in the axilla using ΔSUVmax between PET1-PET3 did not further improve pCR total prediction (c-index 0.82 versus 0.85, p = 0.63) ( Table 3) .
HER2-positive disease
Baseline PET/CT was performed in all 60 patients with HER2-positive disease, PET2 in 45, and PET3 in 47. Forty patients underwent three PET/CT-scans. The median time between last chemotherapy and PET2 was 6 days (IQR 5-7), and between last chemotherapy and PET3 12 days (IQR [8] [9] [10] [11] [12] [13] [14] . The best correlation between metabolic response in breast and axilla was found with SUVmax at PET2, although poor (r = 0.49) (Additional file 2: Figure S2b ). In addition, an inverse response in terms of an increase in SUVmax in one location and a decrease or no difference in the other was observed in four patients at time of PET2. 
TN triple-negative, HER2+ HER2-positive, n number of patients, IQR interquartile range, r Spearman's correlation coefficient
The metabolic response in the breast poorly discriminates patients who will achieve a pCR breast from patients who will not. The difference in SUVmax (ΔSUVmax) in the breast between PET1-PET2 had the best discriminating performance of all PET-parameters assessed (c-index 0.64), although absolute SUVmax in the breast at PET2 showed an almost similar performance (c-index 0.62) (Additional file 4: Table S2 ). In the axilla, SUVmax at PET2 had the best discriminating performance to predict pCR axilla (c-index 0.77). Prediction of total pCR by SUVmax in the breast at PET2 was poor but improved to fair, although not statistically significant, when both the metabolic breast and axillary response using SUVmax at PET2 were included (c-index 0.64 versus 0.72, p = 0.06) ( Table 3 ).
Discussion
This study shows that the correlation between 18 F-FDG PET/CT responses during NST in breast and axillary lymph nodes is moderate in triple-negative and poor in HER2-positive breast cancer. In TN disease, PET/CT response can be used to predict pCR and the breast response alone suffices to predict pCR total. Conversely, in HER2-positive disease, the accuracy of PET/CT to predict pCR is limited, while incorporating the metabolic response of both the breast and axilla may improve pCR total prediction.
Lymph node involvement at baseline and after NST is an important prognostic factor in non-metastatic breast cancer [28, 29] . Furthermore, pCR defined as no invasive tumour cells in breast and axilla is best related to longterm outcome [6] . Despite this knowledge, many previous PET/CT studies evaluated the metabolic response of the breast alone to predict pCR total, without examining if the metabolic response of the primary tumour and lymph nodes is the same [4, [11] [12] [13] [14] [15] . Adding information about the metabolic response of axilla may aid to predict pCR total. Studies, that did evaluate the metabolic response in breast and axilla, used different strategies to combine response information of both locations to predict pCR total. Some evaluated the response of the baseline lesion with highest FDG-uptake alone [9, 30, 31] and others used ΔSUVmax between the lesion with the highest FDG-uptake at baseline and at the subsequent scan [32, 33] . However, information may be missed if the response differs between both sites or may result in comparing a breast lesion with an axillary lymph node or vice versa if the lesion with the highest FDG-uptake changes during treatment. Dalus et al. found different SUVmax measurements for breast and lymph nodes, possibly reflecting a different biological behaviour in these two sites which may relate to selection of a sub-clone of tumour cells that spreads to the lymph nodes. Therefore, they proposed to evaluate the response of the primary tumour and axilla separately [21] . We agree with this proposal until a valid combined variable has been established. Only a few studies have described the metabolic response in breast and axilla separately and its respective association with pCR breast and pCR axilla within the same cohort [7, 34] . These studies did not evaluate the correlation between the metabolic response in both locations. Therefore our study is unique and provides important new insights for PET/CT interpretation.
We found a moderate correlation between the metabolic breast and axillary response in TN breast cancer (r = 0.57) without significant improvement in pCR total prediction with adding the metabolic axillary response to the breast response alone. This suggests that chemotherapy sensitivity in breast and axilla corresponds well. Therefore, the metabolic breast response alone suffices to guide NST decisions. In accordance with this, Groheux et al. did not find a better prediction of pCR total in TN disease if the axillary response was incorporated in addition to the breast response [9, 31] . Koolen et al. previously described a part of our study population and found the strongest association between the combined metabolic breast and axillary response and pCR total with an AUC of 0.93 versus 0.87 for breast response alone [19] . The statistical significance of this improvement was not tested. With the inclusion of additional patients in the current analysis, the association between the combined metabolic response and pCR total was somewhat weaker, although still good with a nonsignificant improvement using the combination over the breast alone (c-index 0.85 versus 0.82, p = 0.63) [19] .
In HER2-positive breast cancer the metabolic responses in breast and axilla correlate poorly (r = 0.49). The ability to predict pCR breast, and pCR total by the metabolic breast response was poor (c-index 0.62, and 0.64, respectively). The addition of metabolic response in the axilla improved the pCR total prediction compared to the use of breast response alone, which was statistically near-significant (c-index 0.64 versus 0.72, p = 0.06). Lack of statistical significance despite a relatively large increase in c-index, might be attributable to the small sample size, and larger studies are needed to determine the added value of including the metabolic response in both locations for pCR total prediction in this subtype. In line with our results, Groheux and colleagues found an improvement in pCR total prediction in node-positive patients if the axillary response was included [30] . These and our findings suggest that if PET/CT is used for response monitoring in HER2-positive breast cancer, it should evaluate both breast and axilla, and we recommend separate evaluation of both sites rather than an unconfirmed combined parameter as described above.
The use of targeted therapy in HER2-positive tumours may explain why the different response according to tumour location was more pronounced in this subtype, as it may differentially affect sub-clones with varying HER2expression. Also, we cannot exclude that in selected cases non-specific 18 F-FDG uptake related to regional inflammatory processes or tissue sampling may have contaminated the pathological uptake. Although we recognize this as a limitation of our study the impact on our results will be limited, especially after FNA. Furthermore, nonspecific 18 F-FDG uptake is likely to have affected both subtypes equally. Lastly, with the relatively small sample size we cannot exclude that the poor and moderate correlation of metabolic responses between locations is due to chance rather than a biological finding. However, despite only four inverse responses in the HER2-positive subtype, in relative terms, this constitutes 9% of HER2-positive cases with a PET2. Additionally, the poor correlation between metabolic and axillary response despite a decrease in both locations seems relevant as it may have implications for defining metabolic responders with different thresholds for different localizations.
In accordance with the literature we found that the best prognostic PET/CT response parameter for both pCR breast and pCR axilla is ΔSUVmax between baseline PET/ CT and PET/CT after 6 weeks in TN tumours and the absolute SUVmax value at PET/CT after 3 weeks of therapy in HER2-positive tumours [9, 12, 30, 31, 35] .
Our data reinforce that it is important to describe results according to breast cancer subtype due to different tumour behaviour. Subgroup analysis based on hormone receptor status within the HER2-positive cohort would have been valuable, but was not feasible due to the limited number of patients.
The inclusion of patients with sufficiently high baseline FDG-uptake for response evaluation, may have led to selection of relatively aggressive tumour types and an associated higher response rate reflecting the high pCR rate in our study. Nevertheless, sufficient baseline activity is required for PET/CT-evaluation and thus this selection reflects daily practice. Furthermore, a substantial number of patients with TN tumours switched therapy, and PET/ CT-scans were only performed during the initially applied regimen. However, switches based on insufficient MRI response are assumed to have had little impact on our results as all these patients remained a pathological nonresponder despite the change in treatment and it is unlikely that they would have achieved total pCR if they had continued their initially applied regimen.
Clear definitions of responders and non-responders will aid the clinical use of PET/CT during neoadjuvant breast cancer treatment. The optimal cut-off value depends on several factors as described by others including treatment regimen, timing of evaluation, breast cancer subtype, and mainly depends on the purpose of the response evaluation: identifying non-responders to change ineffective treatment or identifying responders to reduce overtreatment [35] .
Several PET-parameters exist but no superiority of one over the other has been established so far. This study started in 2008 and we used the region with the highest metabolic activity (i.e. SUVmax) instead of the entire metabolically active tumour volume which has been introduced more recently. However, SUVmax has important benefits as it is convenient to use and has good reproducibility [9, 32] .
PET/CT for response evaluation during NST in breast cancer is not the current standard of care and probably awaits a direct comparison with other imaging modalities. In the current study we focused on the use of PET/ CT only and how to optimally use this to predict pCR total. Therefore, we cannot make a statement about the relative value of PET/CT compared to other imaging modalities, but this has been described by others [36, 37] . Nowadays, trastuzumab-labelled PET/CT scans are available with visualisation of HER2-positive lesions. This modality may improve selection of patients for anti-HER2 treatment, but its role in monitoring response is undetermined [38] . Furthermore, trials to confirm the benefit of PET/CT-response-based treatment adaptations in terms of outcome are needed [3, 4] .
Conclusion
Our study demonstrates that the correlation between metabolic response in the breast and axilla is moderate in TN and poor in HER2-positive breast cancer. Furthermore, 18 F-FDG PET/CT can be used to evaluate the response to neoadjuvant chemotherapy in TN disease. The metabolic breast response alone, using ΔSUVmax between PET/CT at baseline and after 6 weeks treatment, predicts pCR total well and adding metabolic axillary response has no additional value. In HER2-positive tumours, pCR total prediction by the metabolic breast response alone, using SUVmax at PET/CT after 3 weeks treatment, is poor. This may be improved by evaluating both the primary tumour and axillary lymph node metabolic response in this subtype, and separate evaluation is recommended.
